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Distinct Subpopulations of Sensory Afferents
Require F11 or Axonin-1 for Growth to Their Target
Layers within the Spinal Cord of the Chick
Klein et al., 1994; Tessarollo et al., 1994; reviewed by
Snider, 1994). Although substantial information about
the characteristics of the different populations of sen-
sory afferents has been collected over the last decades,
the molecular guidance cues directing them to their spe-
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cific target layers are largely unknown. A repulsive effectSwitzerland
of semaphorin 3A on nociceptive fibers has been shown2 Max-Delbru¨ck-Centrum fu¨r Molekulare Medizin
in vitro and in vivo (Messersmith et al., 1995; PuschelD-13092 Berlin
et al., 1996; Shepherd et al., 1997). Sema3A is expressedGermany
in the ventral spinal cord and is thought to prevent NGF-
dependent fibers from extending ventrally. NT-3-depen-
dent proprioceptive axons do not express neuropilin-1,Summary
a component of the sema3A receptor required to medi-
ate the repulsive effect (He and Tessier-Lavigne, 1997;Dorsal root ganglion neurons project axons to specific
Kolodkin et al., 1997; Fu et al., 2000). In explant cultures,target layers in the gray matter of the spinal cord,
Sharma and Frank (1998) postulated the presence ofaccording to their sensory modality. Using an in vivo
local guidance cues in the dorsal horn, based on obser-approach, we demonstrate an involvement of the two
vations that proprioceptive fibers always grow throughimmunoglobulin superfamily cell adhesion molecules
the medial part of the dorsal horn and that they didaxonin-1/TAG-1 and F11/F3/contactin in subpopula-
not require guidance signals emanating from the ventraltion-specific sensory axon guidance. Proprioceptive
spinal cord. However, the identities of these dorsal guid-neurons, which establish connections with motoneu-
ance cues have not been characterized.rons in the ventral horn, depend on F11 interactions.
Based on their expression pattern, two immunoglobu-Nociceptive fibers, which target to layers in the dorsal
lin superfamily cell adhesion molecules (IgSF-CAMs),horn, require axonin-1 for pathfinding. In vitro NgCAM
axonin-1/TAG-1 and F11/F3/contactin, are interestingand NrCAM were shown to bind to both axonin-1 and
candidates for a potential function in subpopulation-F11. However, despite this fact and despite their ubiq-
specific sensory axon pathfinding within the spinal cord.uitous expression in the spinal cord, NgCAM and
Axonin-1 (Zuellig et al., 1992) and F11 (Bru¨mmendorf etNrCAM are selective binding partners for axonin-1 and
al., 1993) are closely related proteins, and both are linkedF11 in sensory axon guidance. Whereas nociceptive
to the membrane by a glycosylphosphatidylinositol an-pathfinding depends on NgCAM and axonin-1, pro-
chor. They share a partially overlapping spectrum ofprioceptive fibers require NrCAM and F11.
binding partners (Bru¨mmendorf and Rathjen, 1996,
1998). Both axonin-1 and F11 have been shown to inter-Introduction
act with NgCAM (Kuhn et al., 1991; Bru¨mmendorf et al.,
1993), NrCAM (Morales et al., 1993; Suter et al., 1995;Sensory neurons located in the dorsal root ganglia (DRG)
Fitzli et al., 2000), RPTP/phosphacan (Milev et al., 1996;transmit different types of sensory information to the
Peles et al., 1997), neurofascin (Volkmer et al., 1998),spinal cord. Depending on their sensory modality, DRG
and tenascin-C (Milev et al., 1996). In contrast to axo-neurons establish specific connections in different lay-
nin-1 (Rader et al., 1993; Freigang et al., 2000), no homo-ers of the gray matter during embryonic development
philic interaction of F11 has been detected (Bru¨mmen-
(Scott, 1992; Snider, 1994). Thus, sensory axons have
dorf et al., 1993).
to make specific pathway choices after reaching the
Here, we describe the establishment of an in vivo
spinal cord. Whereas nociceptive fibers remain confined assay for the analysis of specific guidance cues used
to the dorsal-most layers, mechanoreceptive and pro- by sensory axons during distinct steps of pathfinding
prioceptive fibers extend collaterals to deeper layers of to their appropriate target layers in the chicken spinal
the gray matter (Davis et al., 1989; Ozaki and Snider, cord. We used function-blocking antibodies to perturb
1997). Subpopulations of sensory neurons have also molecular interactions during developmental periods
been characterized based on their dependence from when sensory afferents make pathway choices. The ini-
specific neurotrophins (reviewed by Reichardt and Fari- tial segment of the axon pathway from the DRG to the
n˜as, 1997). NGF-dependent DRG axons are the small- dorsal root entry zone (DREZ) is the same for all sub-
diameter afferents involved in nociception and thermo- types of DRG neurons. Only after reaching the DREZ, the
reception that terminate in the dorsal-most layers of the pathways segregate into subtype-specific trajectories.
spinal cord (lamina I and II; Ruit et al., 1992; Crowley et Nociceptive fibers, which are confined to the dorsal
al., 1994; Smeyne et al., 1994; reviewed by Snider, 1994). horn, depend on axonin-1 interactions, whereas the ex-
Proprioceptive Ia afferents, the myelinated large-diame- tension of proprioceptive Ia afferents to the ventral horn
ter muscle spindle afferents that extend their collaterals is mediated by F11. In a search for binding partners
to the ventral horn (where they form connections with of axonin-1 and F11 in subpopulation-specific sensory
motoneurons), are NT-3 dependent (Ernfors et al., 1994; axon guidance, we demonstrate a role for NgCAM and
NrCAM in nociceptive and proprioceptive axon path-
finding, respectively.3 Correspondence: esther.stoeckli@unibas.ch
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Results based on the extension of fibers to the ventral horn
(Figures 1H and 1J) and based on double staining of
F11-positive fibers with RT97, a monoclonal antibodyIn the lumbosacral region of the chicken spinal cord,
central projections of DRG neurons reach the DREZ recognizing an epitope on neurofilaments of large-diam-
eter axons (data not shown; Lawson et al., 1984), asaround stage 19. They bifurcate and extend both ros-
trally and caudally along the longitudinal axis before well as trkC, the high-affinity receptor for NT-3 (Oakley
et al., 1997; for reviews, see Snider, 1994; Lewin, 1996).they start to form collaterals to specific target layers in
the gray matter at stage 29 (Lee et al., 1988; Davis et Strong immunoreactivity for F11 can be detected on Ia
collaterals in the gray matter at stage 34 (Figure 1H).al., 1989). Layer-specific connections are established in
a correct manner from the outset; branching into inap- In contrast to axonin-1, which is expressed only very
transiently in motoneurons, the expression of F11 inpropriate layers is never found (Mendelson et al., 1992;
Silos-Santiago et al., 1995; Ozaki and Snider, 1997). A motoneurons persists throughout stage 39, the oldest
stage we have tested. However, cells in the lateral motorwiring pattern resembling the mature connectivity is es-
tablished at stage 39 (Davis et al., 1989). In the chick, column appear not to express F11 at any time (Figures
1H and 1J). In contrast to axonin-1 and F11, which havein contrast to rodents (Ozaki and Snider, 1997), muscle
and cutaneous afferents form collaterals at the same a distinctive expression pattern throughout the time win-
dow of sensory axon growth, both NgCAM and NrCAMtime rather than in a sequential manner (Mendelson et
al., 1992). are expressed widely in the gray and white matter of
the spinal cord during the time of collateral formation
(data not shown).Sensory Afferents Express Axonin-1 and F11
in a Dynamic, Subpopulation-Specific Pattern
To study the function of the two axonal IgSF-CAMs Axonin-1 and F11 Are Involved in Subpopulation-
Specific Sensory Axon Guidance In Vivoaxonin-1 and F11 during sensory axon pathfinding
within the spinal cord, we compared their distribution To address the question whether axonin-1 and F11 are
involved in subpopulation-specific pathfinding of sen-at different developmental stages. Axonin-1 is ex-
pressed on axons as soon as they extend out of the sory axons and their collaterals, we have established
an in vivo assay using chicken embryos as a modelDRG (Figure 1). The expression level remains high
throughout the development of the sensory system (em- system. Based on a similar in vivo assay for commissural
axons (Stoeckli and Landmesser, 1995; Perrin andbryonic stages 19 to 39). During early stages, axonin-1
appears to be expressed by all cell bodies and axons Stoeckli, 2000), we have used function-blocking anti-
bodies to perturb molecular interactions involved in sen-of DRG neurons, but its expression becomes restricted
to a subpopulation during later stages (Figure 1; Halfter sory axon guidance in ovo.
The antibodies against axonin-1 and F11 were shownet al., 1994). Based on the coexpression of axonin-1 with
trkA (Snider and Silos-Santiago, 1996, and references by Western blot to be specific and without cross-reactiv-
ity to other IgSF-CAMs (Bru¨mmendorf et al., 1993;therein) and based on the restriction of the fibers to
the dorsal horn (Figures 1G and 1I; Scott, 1992), we Stoeckli and Landmesser, 1995). As a control for the
specificity of the antibody effect, we injected a controlconcluded that these axons are NGF-dependent noci-
ceptive fibers. Consistent with these conclusions, axo- protein (bovine serum albumin), nonimmune, or preim-
mune IgG (see Experimental Procedures). The control-nin-1 was identified as a differentially expressed gene
in a screen by Friedel et al. (1997) comparing NGF- and injected embryos were not different from uninjected em-
bryos with respect to overall development and axonalNT-3-dependent sensory neurons.
F11 immunoreactivity can be detected on DRG axons trajectories of commissural and sensory axons in the
spinal cord.at stage 20 (Figure 1B). However, throughout develop-
ment, the expression levels of F11 on cell bodies are In a first series of experiments, we repeatedly injected
antibodies into the central canal of the spinal cord, be-much lower than those of axonin-1 (compare Figures
1C and 1D). F11 is expressed by proprioceptive neurons, tween embryonic stages 19 and 24. In total, more than
Figure 1. The Expression Patterns of Axonin-1 and F11 in the Developing Spinal Cord Are Highly Dynamic
Immunostaining of 20 m thick sections reveals a subpopulation-specific expression of axonin-1 (A, C, E, G, and I) and F11 (B, D, F, H, and
J). While the expression patterns were similar at younger stages (A–D), they became complementary at older stages (G–J). At stage 20 (A and
B), axons from the DRG have reached the DREZ (arrowheads). Fibers but no cell bodies in the DRG (asterisk) express F11 (B). High levels of
F11 are found in the DREZ (arrowhead) and on motoneurons. Axonin-1 (A) is expressed on sensory axons, cell bodies (asterisk), and in the
DREZ (arrowhead). At stage 26 (C and D), both axonin-1 (C) and F11 (D) are expressed at high levels in the DREZ and on sensory axons.
However, in contrast to axonin-1, F11 is not expressed on cell bodies. At stage 30 (E and F), the expression patterns of axonin-1 (E) and F11
(F) start to differ strongly. Whereas axonin-1 is expressed at high levels in the dorsal funiculus and the DREZ (arrow) as well as sensory axons
(arrowhead; [E]), the expression of F11 in the DREZ is downregulated (arrow in [F]). F11 is strongly expressed on longitudinal fiber tracts.
Only weak staining is found on sensory axons (arrowhead). At stage 34 (G and H), axonin-1 is expressed strongly in the dorsal funiculus but
is almost absent from the lateral and ventral funiculi (G). Axonin-1 is expressed only on collaterals in the dorsal horn. In contrast, F11 (H) is
expressed at high levels in the medial dorsal, the lateral, and the ventral funiculi. It is no longer expressed in the DREZ (arrowhead). F11 is
absent from the lateral dorsal gray matter (small arrow). At this stage, F11 is expressed at high levels on proprioceptive collaterals that already
extend into the ventral horns (arrow). F11 is expressed by many cells in the ventral horns, with the exception of the lateral motor columns
(asterisk in [J]). At stage 36 (I and J), the subpopulation-specific expression pattern of axonin-1 (I) and F11 (J) is clearly visible. Whereas
axonin-1 is restricted to fibers in the dorsal horn, F11 is expressed on proprioceptive collaterals extending into the ventral spinal cord. Scale
bars, 100 m. (A) and (B), (C)–(F), and (G)–(J) are shown at the same magnification, respectively.
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Table 1. Penetrance of the Observed Phenotypes after Perturbation of Either Axonin-1 or F11 Interactions
Number of Embryos Analyzed at Stage
Antibodies Injected Total Number of Embryosa 26 35 38
Between stages 19 and 24
Axonin-1 94 50 (54%) 11 (73%) 10 (100%)
F11 94 51 (83%) 19 (80%) 7 (86%)
Serum alb/nonimmuneb 33 19 5 9
Between stages 26 and 30
Axonin-1 25 12 3
F11 28 18 6
Serum alb/nonimmuneb 12 6 6
a The total number of embryos reflects the total number of embryos analyzed after a given treatment. As some embryos were analyzed at
stages other than the ones described in the paper, the number of embryos analyzed at stages 26, 35, and 38 does not add up to the total
number of embryos. Percentage of embryos showing the described phenotype is given in parentheses.
b As there was no difference between embryos injected with serum albumin and embryos injected with either preimmune or nonimmune IgG,
these embryos were combined into one group. Control-injected embryos were not different from uninjected control embryos with respect to
overall development and sensory axon pathfinding.
250 injected embryos were analyzed (Table 1). During dorsal roots in noninjected embryos or in control em-
bryos injected with bovine serum albumin (Figures 2Athis time window, sensory axons reached the dorsal root
entry zone and extended rostrally and caudally along and 2C). The injection of anti-axonin-1 antibodies did
not result in a dorsal root phenotype, although axonin-1the longitudinal axis of the spinal cord. Embryos were
sacrificed at stage 26 (i.e., about 1 day after the last is expressed at high levels on sensory axons when they
grow toward the DREZ. Thus, we concluded that, ininjection). Staining of transverse sections with second-
ary antibodies showed that the injected antibodies dif- the absence of F11 interactions, sensory axons did not
fasciculate properly and therefore formed a dorsal rootfused throughout the spinal cord, including to the DREZ.
In fact, antibodies injected before stage 20 did not only with an aberrant, split morphology.
diffuse throughout the spinal cord but were found in
the surrounding tissue (data not shown). This is in con-
trast to injections at later stages, when injected anti- Sensory Afferents Commit Pathfinding Errors
in the Dorsal Root Entry Zone afterbodies could no longer diffuse through the basal lamina
(Stoeckli and Landmesser, 1995; Oakley et al., 1995). Perturbation of F11 Interactions
In addition to the “split-root” phenotype, the perturba-Antibodies could still be detected 2 days after the last
injection (data not shown). Sensory axon pathfinding tion of F11 interactions also induced striking changes
in the morphology of the DREZ (compare Figures 2Ewas analyzed in transverse vibratome sections both by
injection of FastDiI into the DRG or into the dorsal funicu- and 2F). The DREZ was oval shaped in control embryos
(Figures 2A and 2E) but had a much more complex,lus and by immunohistochemistry. None of the 33 con-
trol-injected embryos showed any changes in spinal bipartite shape in anti-F11-treated embryos (Figure 2F).
Furthermore, afferents in anti-F11-injected embryoscord morphology or any sensory axon pathfinding er-
rors. In contrast, between 54% and 100% of the embryos were confined to the ventromedial border of the DREZ
(Figures 2B and 2F). As a considerable number of theseanalyzed after injection of either anti-axonin-1 or anti-
F11 antibodies showed defects in morphology and/or axons turned erroneously ventrally rather than dorsally,
they formed a bulge-like enlargement of the DREZ (Fig-axon guidance. Details are given below and in Table 1.
ures 2F–2H). The size of the enlargement varied but
was seen in all anti-F11-treated embryos, whereas theThe Formation of the Dorsal Root Is Perturbed
in the Absence of F11 Interactions restriction of the afferents to the ventromedial area of
the DREZ was seen in 75% of the embryos. The ventralWhen F11 interactions were perturbed during the early
phases of sensory axon outgrowth between stages 19 rather than dorsal turn of sensory axons in anti-F11-
injected embryos was confirmed in longitudinal sectionsand 24, we observed an aberrant formation of dorsal
roots (Figures 2B and 2D). In all the anti-F11-treated of spinal cords (Figure 3). In control embryos or after
injection of anti-axonin-1 antibodies, the trajectory ofembryos analyzed at stage 26 (n  51 embryos), the
dorsal root appeared split in transverse vibratome sec- DiI-traced DRG axons was Y shaped (Figure 3D). Consis-
tent with the erroneous ventral turns observed in trans-tions. Axons were found to crisscross in the dorsal root,
suggesting that their bundling behavior was disturbed. verse sections of anti-F11-injected embryos, we found
dramatic deviations from their normal Y-shaped trajec-In contrast, in control embryos, axons always grew to
the DREZ in straight, parallel trajectories, resulting in a tory in longitudinal sections (Figures 3A–3C). While some
fibers still followed the normal pathway, many fibersvery homogenous appearance of the dorsal root. As
split dorsal roots in anti-F11-injected embryos were also were extending horizontally or even ventrally (arrows in
Figure 3B). The ventral enlargement of the DREZ seenobserved when we stained adjacent vibratome sections
with anti-neurofilament antibodies (Figures 2C and 2D) in Figure 2F was reflected by swirl-like structures such
as the one seen in Figure 3C. They were most likelythat were not subpopulation specific but stained all DRG
axons, we excluded the possibility that the effect was formed by fibers that failed to extend along the longitudi-
nal axis.an artifact of dye injections. We never observed split
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Figure 2. The Perturbation of F11 Interac-
tions during Early Stages of Sensory Axon
Growth Results in Severe Pathfinding Errors
of Primary Sensory Axons
At stage 26, sensory axons have reached the
DREZ and run in parallel to one another and
are homogeneously distributed in the dorsal
root in control embryos (A and C). In contrast,
the dorsal root was split in embryos treated
with anti-F11 antibodies (B and D). As the split
morphology was also found after staining of
transverse vibratome sections with the anti-
neurofilament antibody RMO270 (C and D),
we concluded that this phenotype was not
an artifact of labeling only a subset of sensory
afferents after application of FastDiI to the
DRG (B). The morphology of the DREZ was
dramatically changed after perturbation of
F11 interactions (B and F). Tracing of sensory
axons with FastDiI revealed a restriction of
the axons to the ventromedial border of the
DREZ in anti-F11-treated embryos (B and F)
compared to control embryos (A and E). While
this phenotype was seen in 75% of the anti-
F11-injected embryos, the overall degree of
restriction was somewhat variable. The sec-
tion shown in (B) represents an extreme ex-
ample, whereas the one in (F) is only weakly
affected. Very striking was the ventral en-
largement of the DREZ in the absence of F11
interactions. The bulge of the DREZ (F) was
formed by sensory axons turning ventrally
rather than dorsally after reaching the DREZ
(arrows in [G] and [H]). Axons were traced by
application of Fast DiI to the DRGs in (A), (B),
and (E)–(H) and were visualized by staining
with the monoclonal antibody RMO270
against neurofilament in (C) and (D). Scale bar
is 100 m in (A)–(D), 50 m in (E)–(H).
F11 Is Required for the Extension of Proprioceptive tion within the dorsal funiculus and start to extend col-
laterals that invade the gray matter. ProprioceptiveCollaterals to the Ventral Horn
After reaching the DREZ, sensory afferents grow ros- afferents carry sensory information from muscle spindle
and Golgi tendon organs to target laminae in the inter-trally and caudally for several segments (Eide and
Glover, 1995; Figure 3). Depending on the sensory sub- mediate zone and the ventral horn of the spinal cord.
However, in embryos injected with function-blocking an-type, the axons assume a specific medial to lateral posi-
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Figure 3. F11 Interactions Are Required for
Proper Extension of Sensory Axons along the
Longitudinal Axis
Longitudinal sections of stage 26 embryos
that were injected with FastDiI into the DRGs
confirmed the pathfinding errors seen in
transverse sections of the spinal cord. In con-
trast to control embryos, where sensory ax-
ons were extending in a Y shape (D), axons
were found to extend erroneously horizon-
tally and even ventrally (arrows in [B]) in em-
bryos injected with anti-F11 antibodies (A–C).
The swirl-like structure in (C) (arrow) resem-
bles the enlargement seen in some transverse
sections (Figure 2F) and most likely reflects
axons that failed to extend along the longitu-
dinal axis in the absence of F11 interactions.
The rectangle outlined with dotted lines rep-
resents the sections shown in (A)–(D). After
FastDiI was injected and allowed to diffuse
for 5 days, 60 m thick longitudinal sections
were cut from spinal cords, as shown sche-
matically. Scale bar is 100 m.
tibodies against F11 during stages 19 to 24, no collater- cord. Similar phenotypes were observed in mice defi-
cient in either trkC or NT-3 (Ernfors et al., 1994; Klein etals reached the motoneurons at stage 35 (Figure 4B;
n  19 sections, five embryos). In order to quantify this al., 1994).
The failure of proprioceptive collaterals to extend intoeffect in more detail, we determined the number of fibers
which crossed an arbitrary line bisecting the dorsoven- the ventral horn was corroborated by anti-trkC staining
of vibratome sections (Figure 4D). In control embryostral axis of the spinal cord (see Figure 4E). Slices were
scored as showing “normal” pathfinding, when at least at stage 35, Ia collaterals that have reached the ventral
horn can be visualized by DiI injected into the medial50% of the DiI-labeled Ia fibers had crossed this line.
Fibers crossed the line in all slices (n  5) analyzed dorsal funiculus as well as by trkC staining (Figures 4A
and 4C; Lee et al., 1988). A subpopulation of trkC-posi-from three different embryos injected with anti-axonin-1
antibodies and in all control-injected embryos (n  19 tive fibers innervating the intermediate zone was not
affected by the perturbation of F11 interactions, indicat-slices from eight embryos), but they did so only in 10.5%
of the slices (n  19 from five embryos) analyzed from ing that F11 was not generally required for axon exten-
sion (compare Figures 4C and 4D).anti-F11-injected embryos (Figure 4F). Furthermore, in
F11-treated embryos, no collaterals reached the motor In the first set of experiments, we had injected anti-
bodies during stages 19 to 24. Since collaterals are notcolumns. In contrast, in the control embryos, DiI-labeled
Ia collaterals reached the lateral motor columns in 84% formed before stage 29, it seems likely that the observed
phenotype is due to an effect in the growth behavior ofof the slices. Even in embryos sacrificed later than stage
35 (n  7 embryos), no fibers extending to the ventral primary sensory axons. Thus, the absence of collaterals
extending to the ventral horns could be due to the facthorn could be traced after injection of anti-F11 antibod-
ies (data not shown). Thus, it would appear that the that the primary axons did not reach their appropriate
medial location in the dorsal funiculus rather than duedefect was not a manifestation of delayed growth but
rather a general failure to extend into the ventral spinal to a direct F11 dependence of the collaterals. In order
Axonin-1 and F11 in Sensory Axon Guidance
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Figure 4. F11 Is Required for the Pathfinding
of Proprioceptive Collaterals to the Ventral
Horn
At stage 35, collaterals of proprioceptive fi-
bers in control embryos have established
connections with motoneurons in the ventral
horn (A). However, in embryos treated with
anti-F11 antibodies, they failed to do so (B). In
(A) and (B), FastDiI was applied to equivalent
positions of the medial dorsal funiculus. The
absence of proprioceptive collaterals was
also demonstrated in vibratome sections
stained with anti-trkC antibodies (D). TrkC la-
bels proprioceptive collaterals in sections of
control embryos (arrows in [C]). While no
trkC-positive fibers were found to extend to
the ventral horn in F11-injected embryos,
there was still a population of collaterals ex-
tending to a target layer in the intermediate
zone of the spinal cord (arrowhead in [D]).
These fibers did not seem to be affected by
the absence of F11 interactions. Scale bar is
200 m. In order to quantify the effect of F11
on proprioceptive fibers, we counted sec-
tions in which more than 50% of the DiI-
labeled fibers crossed an arbitrary line bisec-
ting the dorsoventral axis of the spinal cord
(E). The schematic drawing (E) shows the
control situation on the left side and the ex-
perimental situation after perturbation of F11
interactions on the right side. In all the slices
from control embryos, more than half the fi-
bers crossed this line (F), whereas proprio-
ceptive fibers fulfilled this criterion in only
10.5% of the slices of anti-F11-treated em-
bryos. The injection of anti-axonin-1 antibod-
ies did not have an effect on proprioceptive
fibers. The number of slices that were quanti-
fied are given in (F). The number in parenthe-
ses indicates the number of embryos.
to discriminate between these two possibilities, we per- the intermediate layers of the gray matter, but in no
cases were collaterals observed to reach the ventralformed a series of in vivo experiments in which F11
interactions were blocked only during a later time win- horn (data not shown). Thus, we concluded that F11
was necessary not only for the pathway choice of thedow. Growing technical difficulties due to the restricted
accessibility of embryos at advanced stages prevented primary axon during the initial stages of sensory axon
pathfinding (Figures 2 and 3) but again during laterus from injecting embryos after stage 30. However, since
antibodies could be detected in the spinal cord up to stages for pathfinding of proprioceptive collaterals (Fig-
ure 4).48 hr after injection, we expect that growing collaterals
were still exposed to them when we injected embryos
between stages 26 and 30 and that analysis of embryos In the Absence of Axonin-1 Interactions, Sensory
Axons Invade the Gray Matter Prematurelysacrificed at stage 35 or later (n  28 embryos) would
reflect the dependence of Ia collaterals on F11 interac- In contrast to the injection of anti-F11, the injection of
anti-axonin-1 antibodies did not induce any changestions. In embryos analyzed at late stages, sometimes a
few Ia afferent collaterals could be observed to reach in the formation of the dorsal root (n  50 embryos).
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Figure 5. The Perturbation of Axonin-1 Inter-
actions Results in Premature Invasion of the
Dorsal Gray Matter
After reaching their subpopulation-specific
location in the dorsal funiculus, primary ax-
ons extend collaterals which invade the gray
matter to grow to the appropriate target layer,
starting at stage 29. Thus, fibers did not leave
the DREZ in transverse sections, and no fi-
bers extended into the gray matter in control
embryos at stage 26 (A). The injection of anti-
axonin-1 antibodies resulted in a premature
invasion of the gray matter as early as stage
26 ([B]–[D], arrows). As this is at least 1 day
before the first collaterals are formed, we as-
sume that the fibers invading the dorsal gray
matter from the DREZ after application of
FastDiI to the DRG were primary axons rather
than collaterals. However, due to the lack of
subpopulation-specific markers for these
early stages, the identity of these fibers could
not be determined. Scale bar is 50 m in (A)–
(C), 100 m in (D).
However, in the absence of axonin-1 interactions, sen- (Figures 6B, 6C, and 6E). In the chick, the arrangement
sory afferents showed a very striking change in their of laminae I through III is from lateral to medial (Figures
pathfinding behavior after reaching the DREZ in 54% of 6G and 9B) rather than from dorsal to ventral, as de-
the embryos analyzed at stage 26. Instead of growing scribed for mammals (Eide and Glover, 1997; Fyffe,
within the marginal zone and extending along the longi- 1992). In control embryos, trkA-positive collaterals ex-
tudinal axis of the spinal cord, some axons directly in- tending from the dorsal funiculus remain confined to the
vaded the gray matter (Figures 5B–5D). The angle at lateral half of the dorsal horn (laminae I and II; Figures
which these fibers left the longitudinal pathway and their 6D and 6G). In contrast, after injection of anti-axonin-1
trajectory were very variable. For most fibers, the angle antibodies, trkA-positive fibers extend more medially
was small; thus, the fibers still run in the vicinity of the into layer III (Figures 6E and 6G, arrows in 6E). The
DREZ, making it difficult to visualize them clearly. Some dramatic changes in pathfinding behavior of nociceptive
of the fibers leaving the DREZ at a wide angle are shown fibers were clearly visualized after staining with anti-
in Figure 5. In 15 transverse sections from ten different axonin-1 antibodies (Figures 6A–6C). Collaterals which
embryos injected with anti-axonin-1 antibodies, we were restricted to laminae I or II in control embryos
found a total of 60 fibers that innervated the dorsal extend further medially into layer III in anti-axonin-1-
gray matter. Given the difficulties in visualizing the fibers injected embryos (arrows in Figures 6B and 6C). We
clearly, it seems likely that we underestimated the num- have quantified this effect in more detail by determining
ber of fibers. Consistent with reports in the literature, the percentage of sections in which at least ten axons
we never found any collaterals invading the gray matter or axon bundles extended further medially than lamina
before stage 29 in control embryos (Figure 5A). II (Figure 6G). We were able to detect fibers extending
beyond lamina II in only 6% of the slices from control
embryos (n  16 from five embryos). However, in allAfter Perturbation of Axonin-1 Interactions,
slices (n  16) from five different embryos injected withtrkA-Positive Sensory Afferents Commit
antibodies against axonin-1, a large number of axonsPathfinding Errors in the Dorsal Horn
failed to stop in the lateral dorsal gray matter and ex-of the Spinal Cord
tended beyond lamina II. There was no difference be-In addition to these early defects, the absence of axonin-
tween axonin-1 and trkA-positive fibers. Due to the large1 interactions also caused pathfinding errors of several
number of fibers stained with either anti-trkA or anti-subpopulations of sensory axons with dorsal target lay-
axonin-1 antibodies in each slice, we could not discrimi-ers in embryos analyzed at stage 35 or older (Figure 6).
nate fibers that were supposed to innervate lamina IFor instance, in anti-axonin-1-injected embryos sacri-
but extended into lamina II from those which correctlyficed at stage 38 (n  10 embryos), many collaterals
innervated lamina II. However, based on the differenceswhich normally leave the lateral dorsal funiculus to pro-
ject to laminae I and II projected instead to lamina III in staining intensity in laminae I and II between experi-
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Figure 6. Axonin-1 Is Required for Pathfinding of Nociceptive but Not Proprioceptive Fibers in the Dorsal Spinal Cord
At stage 38, axonin-1- (A) and trkA-positive fibers (D) grow into laminae I and II of the dorsal horn in control embryos. Note that in chicken
embryos laminae I through III are arranged from lateral to medial rather than from dorsal to ventral (G). Furthermore, axonin-1- and trkA-
positive collaterals extend from the ventral edge of the dorsal funiculus toward the midline (arrowhead in [A] and [D]). Some trkA-positive
fibers crossed the midline dorsal to the central canal. In embryos treated with anti-axonin-1 antibodies (B, C, and E), a large number of fibers
erroneously extended further medially than lamina II (arrows). In control embryos, very few if any trkA-positive fibers innervated lamina III (D).
In order to quantify this effect, we scored the percentage of sections in which more than ten axons or axon bundles extended into lamina III,
as shown schematically in (G) on the right side (left side reflects normal situation). In 16 sections from five different control embryos, only
one section (6%) fulfilled this criterion. In contrast, this phenotype was observed in 100% of the 16 slices analyzed from five different anti-
axonin-1-injected embryos. The fibers projecting horizontally from the ventral edge of the lateral dorsal funiculus form a tight bundle that
extends beyond lamina II before it fans out (arrowhead in [D]). The number of these fibers was stongly reduced after perturbation of axonin-1
interactions, and they failed to form a bundle (arrowhead in [B], [C], and [E]). Instead of projecting horizontally, they extended along curved
pathways into more ventral territories. For a quantitative assessment of these pathfinding defects shown schematically in (H), we measured
the angle of deflection from the horizontal pathway at the exit point from the lateral dorsal funiculus (compare left and right side in [H]). This
angle is a measure for both the defasciculation as well as the aberrant trajectory into more ventral areas of the gray matter (I). In accordance
with the tight bundling and the horizontal trajectory of fibers in control embryos (13 slices from five embryos), the average angle was only
13.5  2.3 ([I]; mean  SEM; ANOVA, p  0.0001). After perturbation of axonin-1 interactions, fibers left the lateral dorsal funiculus with an
average angle of 46.5  7.9 (11 sections from three embryos). Fibers deviating from the horizontal trajectory with a large angle are shown
in (B) and (C), whereas the section shown in (E) represents an example in which very few fibers remain, and those that do exhibit a small
angle of deflection. Rabbit anti-axonin-1 was used to visualize all axonin-1-expressing fibers in 60 m thick frozen section of stage 38 spinal
cords (anti-axonin-1 IgG from goat serum was used for in ovo injections). In addition to the trkA-positive fibers (D and E), anti-axonin-1
antibodies stained some fibers in lamina III and the medial part of the dorsal funiculus (A–C). There was no difference between axonin-1- and
trkA-positive nociceptive fibers with respect to their pathfinding behavior. Proprioceptive fibers are not perturbed in anti-axonin-1-injected
embryos and reached the motoneurons at stage 35 (asterisk in [F]; see also Figure 4F). Scale bars are 200 m; (A)–(E) are shown at the same
magnification.
mental and control slices, we concluded that the ob- but that fibers which normally innervated lamina I were
also affected.served pathfinding defects were not only due to mispro-
jecting fibers that were supposed to innervate lamina II A second phenotype that was quantified in more detail
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Figure 7. A Subpopulation of Nociceptive Fi-
bers Extending from the Lateral Dorsal Funic-
ulus toward the Central Canal Depends on
Axonin-1 for Pathfinding
In transverse spinal cord slices of stage 35
embryos, a horizontally projecting subpopu-
lation of collaterals can be traced by applica-
tion of FastDiI to the lateral dorsal funiculus.
At this stage, the fibers had reached the dor-
sal border of the central canal in control em-
bryos (A and C) but either failed to reach the
central canal (B) or deviated from their trajec-
tory (D) after perturbation of axonin-1 interac-
tions. Fibers erroneously innervated both
dorsal (arrows) and more ventral (arrow-
heads) layers (compare left and right side of
schematic drawing in [E]). Based on their tra-
jectory and the expression of CGRP and trkA
(data not shown), these fibers were con-
cluded to be nociceptive fibers. Scale bar is
200 m. Fibers diverging dorsally and ven-
trally were scored separately (indicated by
arrows in [E]; [F]). For each section, the
largest angle of deviation was determined. In
control sections, fibers leaving the trajectory
either dorsally or ventrally were extremely
rare (Table 2). The average angle for control
sections was determined to be 2.4  2.4 for
fibers extending dorsally and 4.2  3.3 for
fibers extending ventrally (mean  SEM;
ANOVA, p  0.0001). After perturbation of
axonin-1 interactions, a significant number of
fibers were found to take aberrant pathways
(Table 2). The mean angle was 52.7  6.7
for dorsally and 64.0  5.9 for ventrally pro-
jecting fibers.
was the angle at which the fibers left the lateral dorsal The specificity of axonin-1 as a guidance cue for noci-
ceptive fibers was corroborated in embryos analyzed atfuniculus (Figure 6H). In control embryos, fibers left the
dorsal funiculus as a tight bundle. They were seen to stage 35. DiI was used to trace a horizontally projecting
subpopulation of sensory collaterals from the lateralfan out only after they had extended beyond lamina II
(arrowhead in Figures 6D and 6H). In contrast, in em- dorsal funiculus. In adjacent sections, fibers with the
same trajectory were shown to be trkA- and CGRP-bryos injected with anti-axonin-1 antibodies, fibers were
found to fan out immediately as they left the lateral positive (data not shown), and, thus, we concluded that
they were nociceptive fibers (compare with Fyffe, 1992;dorsal funiculus (Figures 6B, 6C, and 6H, right side). We
quantified this effect by measuring the angle of the fibers Silos-Santiago et al., 1995). At stage 35, these DiI-
labeled fibers have reached the dorsal border of the cen-at the exit point from the lateral dorsal funiculus (Figure
6I). Whereas an average of only 13.5  2.3 ( SEM; tral canal in uninjected and control-injected embryos
(n 9 slices from three embryos; Figures 7A, 7C and 7E).ANOVA, p  0.0001) was measured for fibers in slices of
control embryos (n  13 from five embryos), an average In contrast, after injection of anti-axonin-1 antibodies,
these fibers either failed to reach the central canal (Fig-angle of 46.5  7.9 was determined after perturbation
of axonin-1 interactions (n  11 slices from three em- ure 7B) or deviated dramatically from their normal trajec-
tory and innervated dorsal and more ventral layers (Fig-bryos). Equally striking was the decrease in the number
of fibers exiting from the dorsal funiculus (at least 10- ures 7D and 7E). To quantifiy this phenotype, we
measured the proportional distance reached by axonsfold) in anti-axonin-1-injected compared to control em-
bryos (compare Figures 6B, 6C, and 6E with 6A and 6D). en route to the central canal. On average, fibers ex-
tended only 87% of the distance in anti-axonin-1-The projections of proprioceptive Ia collaterals to the
ventral horn were not affected by the perturbation of injected embryos (n  24 slices from nine embryos). In
order to quantify the striking deviation of fibers from theanti-axonin-1 interactions (Figures 6F and 4F).
Axonin-1 and F11 in Sensory Axon Guidance
717
Table 2. Aberrant Deflection of Nociceptive Fibers from the Horizontal Trajectory at Stage 35
Antibodies Injected Total (d/v) Number of Fibers per Slice (d/v) Slices Analyzeda
Control 3 (1/2) 0.3 (0.1/0.2) 9 (3)
Axonin-1 175 (79/96) 7.6 (3.4/4.2) 23 (9)
NgCAM 88 (43/45) 8.8 (4.3/4.5) 10 (2)
The total number of fibers deviating from the horizontal pathway was determined after labeling with FastDiI applied to the lateral dorsal
funiculus (see Figure 7E and text for details). The total number is broken down into fibers projecting dorsally and ventrally (in parentheses).
a The number in the parentheses indicates the number of different embryos analyzed.
horizontal trajectory in anti-axonin-1-injected embryos, injected with anti-axonin-1 antibodies, there was no
striking reduction in the number of trkA- and axonin-1-we measured the angle of fibers innervating erroneously
more dorsal or ventral target layers (Figures 7E and 7F). positive fibers leaving the lateral dorsal funiculus.
The perturbation of NrCAM interactions did notFibers deviating from the horizontal trajectory were rare
in control embryos (Table 2). In nine slices from three change the growth behavior of nociceptive fibers in any
of the 11 embryos analyzed at stages 35 and 38 (Figuresdifferent embryos, we only found three fibers leaving
the pathway at a small angle. In contrast, 175 fibers 6I and 8D). Both the angle upon exit from the dorsal
funiculus as well as the targeting to lamina I and II waswere found to leave the horizontal trajectory in anti-
axonin-1-injected embryos in 24 slices from nine differ- indistinguishable from control embryos at stage 38.
However, NrCAM perturbations mimicked the pheno-ent embryos. Furthermore, the average angles of deflec-
tion were 53  6.7 (dorsal deflection; mean  SEM; type of anti-F11-injected embryos at stage 35 (Figure
8B). Proprioceptive Ia collaterals failed to reach the mo-ANOVA, p  0.0001) and 64  5.9 (ventral deflection),
ranging from 15 to 90 (Figure 7F). toneurons in the ventral horn. In a quantitative analysis
of the proprioceptive pathfinding behavior (see Figures
4E and 4F), we found that the effect of anti-NrCAMNgCAM and NrCAM Are Binding Partners
injections was weaker than the effect of F11 perturba-for Axonin-1 and F11 in Their Role
tions (Figures 4B and 4D). Whereas Ia collateralsas Subpopulation-Specific Guidance
crossed an arbitrary line bisecting the dorsoventral axisCues for Sensory Axons
of the spinal cord in only 10.5% of the sections fromAxonin-1 and F11 have a broad and partially overlapping
anti-F11-treated embryos, they did so in 17.4% of thespectrum of binding partners. Functional interactions of
sections from anti-NrCAM-treated embryos (Figure 4F;axonin-1 with NgCAM and NrCAM in commissural axon
n  23 from five embryos).guidance were shown in vivo and in vitro (Stoeckli and
Landmesser, 1995; Stoeckli et al., 1997; Fitzli et al.,
2000). Both NrCAM and NgCAM have also been shown Discussion
to interact with F11 (Bru¨mmendorf et al., 1993; Morales
et al., 1993). Thus, we tested for a role of NrCAM and In the in vivo studies presented here, we have character-
ized a role for the two short-range guidance cues axo-NgCAM in subpopulation-specific sensory axon guid-
ance. No effect of anti-NgCAM antibody injections on nin-1 and F11 and their binding partners NgCAM and
NrCAM in subpopulation-specific guidance of sensoryproprioceptive fibers was found at stage 35 (n  5 em-
bryos; Figure 8A). However, the analysis of nociceptive afferents to their appropriate target layers in the gray
matter of the spinal cord (summarized in Figure 9). Axo-collaterals in the dorsal horn of embryos at stages 35
and 38 in ten different embryos revealed pathfinding nin-1 is required for sensory afferents innervating the
dorsal part of the spinal cord (Figure 9F). Based onerrors similar to the ones seen after anti-axonin-1 injec-
tions. At stage 35, tracing of the horizontal trajectory the growth pattern of these axons and based on the
expression of trkA, these fibers were classified as noci-with DiI applied to the lateral dorsal funiculus revealed
fibers leaving the pathway at angles comparable to the ceptive fibers (Snider, 1994; Lewin, 1996). In contrast,
proprioceptive fibers extending collaterals to the moto-ones measured after perturbation of axonin-1 interac-
tions (Figure 7F). A total of 88 fibers were found to leave neurons in the ventral horn were found to depend on
F11 for pathfinding (Figures 9C and 9D). The effect ofthe horizontal trajectory with an average angle of 55.8 
6.8 for dorsal and 67.3  7.3 for ventral deflection F11 perturbation appears to be specific for Ia fibers
extending to the ventral horn, as other trkC-positive(mean  SEM; ANOVA, p  0.0001; n  10 slices from
two embryos). populations of sensory afferents with target layers in
the intermediate zone of the spinal cord were not af-Similarly, at stage 38, the phenotype of anti-NgCAM-
injected embryos was very similar to the one described fected. The selective effect of axonin-1 on nociceptive
fibers and of F11 on proprioceptive fibers is in agree-for anti-axonin-1-injected embryos (compare Figure 8C
with Figures 6B, 6C, and 6E). Pathfinding errors in 87.5% ment with the expression pattern of axonin-1 and F11
(Figure 1). F11 is coexpressed with RT97 and trkC, mark-of the slices were found (n  8 from three embryos). As
seen for anti-axonin-1-injected embryos, the angle at ers for large-diameter, myelinated afferents (Lawson et
al., 1984; Klein et al., 1994; Snider, 1994). Axonin-1 waswhich fibers left the lateral dorsal funiculus was much
wider than that seen in controls (39.6  2.1 compared coexpressed with trkA in fibers terminating in the dorsal
horn. Partial overlap of axonin-1 expression and otherto 13.5  2.3; average from eight slices originating
from two embryos; Figure 6I). In contrast to embryos markers for nociceptive fibers, such as CGRP and sub-
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Figure 8. NgCAM Is a Binding Partner for Ax-
onin-1 in Guidance of Nociceptive Fibers;
NrCAM Interacts with F11 in Proprioceptive
Axon Guidance
The perturbation of NgCAM interactions did
not affect the extension of proprioceptive col-
laterals to the motoneurons in the ventral horn
of stage 35 embryos (A). The quantification
of proprioceptive growth behavior done the
same way as for anti-F11-injected embryos
(Figures 4E and 4F) showed normal extension
of Ia collaterals to the ventral horn in 100% of
the nine slices analyzed from three different
embryos. In contrast, similar to the effects
seen after injection of anti-axonin-1 antibod-
ies, the pathfinding of nociceptive fibers into
the dorsal horn was disrupted (C). Nocicep-
tive fibers stained with anti-axonin-1 antibod-
ies extended into layer III rather than being
restricted to laminae I and II (compare [C] with
Figure 6). Using the same criteria for quantifica-
tion as used for anti-axonin-1-injected em-
bryos (Figure 6G), we found that, in 87.5%
of the slices, more than ten axons or axon
bundles extended too far medially. Similarly,
the angle of the horizontally projecting noci-
ceptive fibers (see Figure 7 and arrowhead
in Figures 6A, 6D, and 6H) was significantly
enhanced compared to control embryos, both
at stage 35 (E) and at stage 38 (F). After pertur-
bation of NgCAM interactions at stage 35,
DiI-labeled fibers were found to deviate both
dorsally and ventrally from their horizontal
trajectory (Figures 7E and 8E; values shown
for controls and axonin-1-treated embryos in
Figure 8E are the same as the ones in Figure
7F). The average angles of deviation in anti-
NgCAM and anti-axonin-1-injected embryos
were comparable. After NgCAM perturbation,
the mean was 55.8  6.8 for dorsally project-
ing and 67.3  7.3 for ventrally projecting
fibers (mean  SEM; ANOVA, p 0.0001; n
10 slices from two embryos). Similarly, fibers
leaving the dorsal funiculus in anti-NgCAM-
injected embryos at stage 38 were found to
be comparable with the ones seen in anti-
axonin-1-injected embryos ([F]; compare Fig-
ure 8C with 6B, 6C, 6E, and 6H). An average
of 39.6  2.1 was determined from eight
sections of two different embryos ([F]; values
for control and anti-axonin-1-injected em-
bryos are the same as those in Figure 6I).
In contrast to the injection of anti-axonin-1
antibodies, no obvious reduction in the num-
ber of horizontally projecting fibers was found after anti-NgCAM injections. Four sections from two different embryos injected with anti-NrCAM
were found to be not significantly different from control embryos (mean angle of 8.0  5.0; compare to Figure 8D). However, the perturbation
of anti-NrCAM injections mimicked the effects of anti-F11 injections on proprioceptive axon pathfinding (compare [B] with Figure 4). The
effects resulting from a perturbation of NrCAM interactions were found to be weaker than those caused by anti-F11 injections, as the 50%
criterion was fulfilled in 17.4% of the slices compared to only 10.5% of the anti-F11 embryos (Figure 4F). Pathfinding of nociceptive fibers in
the dorsal horn was not affected by injection of anti-NrCAM injections (D and F). Thus, although axonin-1 and F11 have been shown to interact
with both NgCAM and NrCAM, they interact specifically with one binding partner for subpopulation-specific axon guidance. Based on the
widespread expression of both NrCAM and NgCAM in the gray and white matter of the spinal cord at stages 35 to 38 (data not shown), a
subpopulation-specific effect of these molecules would not have been predicted. Proprioceptive fibers were visualized by application of
FastDiI to the medial dorsal funiculus in 250 m thick vibratome slices at stage 35 (A and B). Nociceptive fibers were stained with antibodies
against trkA (data not shown) and anti-axonin-1 antibodies at stage 38 (C and D). Scale bar is 200 m.
stance P, were found at older developmental stages (data Perturbation of axonin-1 interactions in vivo was found
to result in changes in pathfinding behavior of trkA-not shown). Previous studies of peripheral branches of
DRG neurons at the confocal and electron microscopic positive fibers that normally extend from the lateral dor-
sal funiculus to laminae I and II. Furthermore, we foundlevel have demonstrated that axonin-1 expression is
restricted to cutaneous fibers (Xue and Honig, 1999). changes in a population of trkA-positive fibers extending
Axonin-1 and F11 in Sensory Axon Guidance
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Figure 9. F11 and Axonin-1 Interact with
NrCAM and NgCAM, Respectively, for Sub-
population-Specific Pathfinding of Sensory
Axons in the Gray Matter of the Spinal Cord
The trajectories of sensory afferents are
shown for control embryos at stage 26 (A) and
at stage 35 (B). At stage 26, primary sensory
axons have reached the DREZ, but collaterals
are not formed before stage 29. At stage 35,
collaterals of NGF-dependent, trkA-positive
axons have innervated laminae I and II in the
dorsal spinal cord. Another trkA-positive sub-
population of nociceptive fibers is extending
to the dorsal margin of the central canal (left
side). Proprioceptive fibers extend into the
ventral horn to establish connections with
motoneurons (right side). The perturbation of
F11 interactions results in a split morphology
of the dorsal root at stage 26 ([C], arrow).
Because some fibers turn ventrally after
reaching the spinal cord, the DREZ has a bi-
partite shape with a swirl-like structure at the
ventral margin (arrowhead in [C]). At stage 35,
proprioceptive collaterals have made con-
nections with motoneurons in the ventral horn
of control embryos but fail to do so in anti-
F11-treated embryos ([D], arrowhead). Noci-
ceptive fibers are not affected by the pertur-
bation of F11 interactions ([D], left side). The
injection of anti-axonin-1 antibodies resulted
in direct invasion of the gray matter by pri-
mary sensory axons at stage 26 (E). At later
stages, the perturbation of axonin-1 interac-
tions resulted in pathfinding errors of several
nociceptive subpopulations ([F], left side). Fi-
bers invading laminae I and II in control em-
bryos were found to extend more medially
into lamina III (arrow). Furthermore, the sub-
population extending to the central canal was
found to deviate from their normal trajectory
by turning ventrally or dorsally (arrowhead in
[F]). The perturbation of axonin-1 interactions did not affect pathfinding of proprioceptive fibers (right side in [F]). NgCAM was identified as
a binding partner for axonin-1 in the guidance of nociceptive fibers (G). The perturbation of NgCAM results in both dorsal and ventral deviations
of nociceptive fibers from their horizontal trajectory (arrowhead in [G]). Nociceptive fibers that normally innervate laminae I and II failed to
stop and extended more medially (arrow). Proprioceptive fibers were not affected after perturbation of NgCAM interactions (right side in [G]).
The perturbation of NrCAM interactions mimicked the pathfinding defects of proprioceptive fibers seen after injection of anti-F11 antibodies
(H). Ia collaterals failed to extend into the ventral horn (arrowhead). In contrast, nociceptive pathfinding was not affected (left side in [H]).
to the midline dorsal to the central canal (Figures 6 and along axons was shown in vitro (Rathjen et al., 1987;
Chang et al., 1987). The role of F11 in sensory axon7). Proprioceptive fibers were not affected by perturba-
tions of axonin-1 interactions. bundling in the dorsal root is a specific effect, as the
injection of anti-axonin-1 antibodies in ovo did not inter-The perturbation of F11 interactions did not induce
changes in the growth behavior of sensory afferents fere with the formation of the dorsal root, although axo-
nin-1 is expressed at high levels on sensory axons. Be-with dorsal target layers but resulted in the failure of Ia
afferents to extend to the ventral horn (Figure 4). This cause we found pathfinding errors of collaterals after
perturbation of both axonin-1 and F11 interactions dur-finding is very intriguing in light of the fact that mice
lacking the contactin gene showed severe ataxia (Berg- ing either an early or a later time window (i.e., after
primary axons had reached their location in the dorsallund et al., 1999). The ataxic phenotype of these mice
has been explained by changes in cerebellar connectiv- funiculus), we concluded that both axonin-1 and F11
were required for primary axon as well as for collaterality; changes in the spinal cord were not reported. How-
ever, aberrant proprioceptive connections can also pathfinding.
Recently, it has been shown that the role of IgSFcause ataxia, as shown in several mouse mutants (Ern-
fors et al., 1994; Klein et al., 1994; Arber et al., 2000). superfamily molecules in commissural axon pathfinding
can be dissected (Fitzli et al., 2000). Both in vitro andInterestingly, in contactin-deficient mice, parallel fibers
were less compacted, indicating that contactin/F11 is in vivo, axonin-1 was shown to have a guidance function
without affecting axon elongation. In the in vivo studyinvolved in bundle formation both in the cerebellum
(Berglund et al., 1999, Buttiglione et al., 1996) and in the presented here, we found evidence for a role of axonin-1
in sensory axon guidance. However, we do not knowdorsal root (this study). A role for F11 in the fasciculation
of retinal axons and in sympathetic neurite extension whether axonin-1 also plays a role in sensory axon
Neuron
720
growth. Such a role was suggested by in vitro experi- force would allow collaterals to invade the gray matter
ments when NrCAM was used as a substratum for DRG and form their layer-specific connections. In the experi-
and sympathetic ganglia (Lustig et al., 1999). mental situation, the perturbation of axonin-1 interac-
The absence of proprioceptive collaterals extending tions would result in a decrease in the attractive force
to the ventral horn in embryos treated with anti-F11 derived from the fasciculation of fibers along the longitu-
antibodies is consistent with a role of F11 in axon exten- dinal axis and, thus, permit primary axons to enter the
sion (Figure 4). In contrast to the nociceptive fibers ex- gray matter prematurely.
tending to more medial layers after axonin-1 perturba- In a search for the binding partners of axonin-1 and
tion, the proprioceptive fibers failed to reach the ventral F11 that might be involved in the subpopulation-specific
horn after perturbation of F11 interactions by either dye guidance of sensory afferents, we tested NgCAM and
injections or anti-trkC staining. Thus, it is possible that NrCAM. Their expression patterns were compatible with
the defects observed for proprioceptive collaterals a role in sensory axon growth and guidance, as both
could be explained by alterations in their growth rather molecules are expressed widely in the gray and white
than specifically in pathfinding decisions. However, the matter of the spinal cord as well as on DRG axons. Both
effects of F11 perturbations during the early time win- molecules have been shown to bind directly to axonin-1
dow clearly demonstrate a role of F11 in primary sensory and F11. A functional interaction of axonin-1 with NrCAM
axon guidance, not growth, as the fibers could be traced and NgCAM in commissural axon guidance was shown
along their erroneous pathways along the longitudinal in vitro and in vivo (Stoeckli and Landmesser, 1995;
axis (Figure 3). Stoeckli et al., 1997; Fitzli et al., 2000) as well as for
In agreement with results from earlier in vivo studies DRG neurons in vitro (Kuhn et al., 1991; Suter et al.,
(Stoeckli and Landmesser, 1995; Burstyn-Cohen et al., 1995; Stoeckli et al., 1996; Lustig et al., 1999). In our
1999), the penetrance of the effects induced by blockade present in vivo study, we demonstrate a role for axonin-1
of interactions of IgSF-CAMs at the protein level was and NgCAM in nociceptive and for F11 and NrCAM in
very high (Table 1). Depending on the particular pheno- proprioceptive pathfinding. To our knowledge, this is
type, between 54% and 100% of the embryos were the first description of positive guidance cues for sub-
affected. An embryo was counted as affected only when population-specific sensory axon pathfinding. A repul-
at least half the slices exhibited the phenotype. In all sive role for semaphorin 3A mediated by neuropilin-1
cases where changes in antibody-injected embryos in sensory axon guidance, preventing NGF-dependent
were quantified individually, highly significant differ- fibers from growing to the ventral spinal cord, has been
ences to control embryos were found (ANOVA, p  described in vitro and in vivo (Fu et al., 2000, and refer-
0.0001). ences therein). Thus, our results provide evidence for
The in vivo findings reported here are consistent with the cooperation of positive and negative signals as a
previous in vitro studies. Using cryostat sections of E5 general feature of axon guidance rather than its restric-
spinal cord sections as substratum for dissociated DRG tion to axon guidance across the midline of the nervous
neurons, axonin-1 was found to have an effect on the system (reviewed by Stoeckli and Landmesser, 1998).
choice of these neurons to leave the preferred marginal Furthermore, our finding that sensory axons depend on
zone (white matter) to grow onto the mantle layer (gray distinct guidance cues for targeting to specific layers in
matter; Shiga et al., 1997). Although the conditions used the gray matter of the spinal cord could provide a first
in that in vitro study are not directly comparable to our in step toward the characterization of molecular mecha-
vivo study, the finding that the addition of anti-axonin-1 nisms underlying aberrant sprouting in the dorsal horn
antibodies may decrease the preference for the marginal after peripheral nerve injury (Woolf et al., 1992). In rats,
zone containing the longitudinal fiber tracts may indicate nonnociceptive A fibers were found to sprout inappro-
that at early stages fasciculation with fibers running lon- priately to laminae I and II as a consequence of periph-
gitudinally could contribute significantly to the pathway
eral nerve injuries resulting in chronic pain syndromes
choice of primary sensory axons. As Shiga and col-
(Baba et al., 1999; Chong et al., 1999). It remains to be
leagues found in their in vitro study, the gray matter of
seen whether the IgSF-CAMs axonin-1, F11, NgCAM,the spinal cord is permissive for sensory axon growth.
and NrCAM, which are involved in subpopulation-spe-Axons seem to avoid invading the gray matter, because
cific pathfinding to target layers in the developing spinalthey prefer to stay in the marginal zone and to fasciculate
cord, play a role in sensory axon regeneration andwith longitudinal fiber tracts. However, if axonin-1 inter-
sprouting in the adult spinal cord.actions are perturbed, axons invade the gray matter
prematurely (Figure 5). Although sensory axons reach
Experimental Procedurestheir position in the dorsal funiculus by stage 26, they
do not invade the gray matter before stage 29 (Lee et al., In Vivo Injections
1988; Davis et al., 1989; Fu et al., 2000; our unpublished Fertilized Sasso Sa51 eggs were obtained from a local supplier. For
data). This “waiting period” has been suggested to be a detailed description of the injection protocol, see Stoeckli and
due to a dorsal expression of collapsin-1/sema3A at Landmesser (1995) and Perrin and Stoeckli (2000). In brief, for in
ovo injections, a window was cut into the eggshell after 3 days ofearly stages (Shepherd et al., 1997; Puschel et al., 1996).
incubation at 38.5C. The window was closed with a coverslip andThus, as also found for other axon populations, the guid-
sealed with melted paraffin, allowing repeated opening and closing.ance of primary sensory axons along the longitudinal
For injections, we used glass electrodes with a tip diameter of 5 m.
axis appears to be due to a combination of an attractive At the time of each injection, the embryos were staged according
force derived from their fasciculation with longitudinal to Hamburger and Hamilton (1951). Injections of function-blocking
fibers running in the marginal zone and a repellent force antibodies were repeated every 8 hr during the first window (stages
19 to 24) and every 12 hr during the second window (stages 27 toderived from the gray matter. A decrease of this repellent
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30). The embryos were injected into the central canal of the spinal donkey anti-rabbit-Cy3 (1:300; Jackson Laboratories), and donkey
anti-goat-Alexa 488 antibodies (1:250; Molecular Probes).cord at the lumbosacral level, just rostral to the hindlimb. As the
injected volumes were small (0.1 to 0.5 l, depending on the age For the detection of trkC, we used goat anti-rabbit IgG (10 g/
ml; Kirkegaard and Perry) followed by Alexa 488-labeled donkeyof the embryo), we used high concentrations of antibodies (5–10
mg/ml). Purified Fab or IgG fractions of rabbit anti-F11 (Rathjen et anti-goat (8 g/ml; Molecular Probes). All antibodies were diluted
in blocking buffer (10% fetal calf serum in PBS).al., 1987) or goat anti-axonin-1 (Stoeckli and Landmesser, 1995),
were used for injections. The specificity of the antibodies was tested Tissue sections were permeabilized by incubation in 0.4% Triton
X-100 in PBS (1% for vibratome slices) for 30 min. To prevent unspe-by Western blot analysis as described elsewhere (Bru¨mmendorf et
al., 1993; Stoeckli and Landmesser, 1995). The results obtained with cific binding of antibodies, the tissue was treated for 1 hr with 20
mM lysine in 0.1 M sodium phosphate (pH 7.4), rinsed in PBS, andthree different batches of Fab from different rabbit sera against F11
were indistinguishable. The anti-axonin-1 IgGs were prepared from incubated in blocking buffer for 2 hr. The incubation with the first
antibody diluted in blocking buffer was overnight at 4C, incubationstwo different goats. As preimmune IgGs were not available for some
of the antibodies, we used nonimmune IgG and a 10 mg/ml solution with the appropriate secondary antibodies were for 2–5 hr at room
temperature. Sections were mounted in PBS with or without 0.1%of serum albumin (Albumax) in PBS for control-injected embryos.
The analysis of embryos injected with any of these control proteins p-phenylenediamine as an antifading agent.
did not reveal differences, nor did the embryos differ from nonin-
jected embryos with respect to overall development or axon path- Acknowledgments
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